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ABSTRACT  This  study’s  objective  was  to  investigate  the  daily  dynamics  of  fibrinogen  metabolism  and  coagulation 
function  for  5  days  after  hemorrhagic  shock  in  pigs.  Sixteen  pigs  were  randomized  into  the  control  (C)  and  the  hemorrhage 
(FI)  groups.  On  day  1 ,  hemorrhage  was  induced  in  FI  by  bleeding  35%  of  the  estimated  total  blood  volume,  followed  by 
resuscitation  with  lactated  Ringer’s  solution  at  three  times  the  bled  volume.  Then,  a  primed  constant  infusion  of  stable 
isotopes  was  performed  in  both  groups  daily  for  5  days  to  measure  changes  in  fibrinogen  metabolism,  together  with 
changes  in  hemodynamics  and  coagulation  function.  Flemorrhage  caused  a  decrease  in  mean  arterial  pressure  and  an 
increase  in  heart  rate.  Fluid  resuscitation  corrected  these  changes.  Compared  with  baseline  day  1 ,  fibrinogen  levels  in  FI 
were  decreased  to  76%  ±  6%  by  hemorrhage  and  resuscitation  on  day  1 ,  increased  to  217%  ±  16%  on  day  2,  and  remained 
elevated  afterward;  clot  strength  in  FI  was  decreased  by  hemorrhage  on  day  1  and  returned  to  baseline  values  on  day  2 
and  afterward.  Compared  with  day  1  control  value  (1.3  ±  0.1  mg/kg  per  hour),  fibrinogen  synthesis  in  FI  was  increased  to 
3.6  ±  0.1,  5.1  ±  0.5,  2.6  ±  0.4,  2.7  ±  0.5,  and  2.3  ±  0.3  mg/kg  per  hour  on  days  1  through  5  (all  P<  0.05);  fibrinogen 
breakdown  in  FI  was  elevated  on  days  1  and  2  but  returned  to  control  values  afterward.  Flemorrhage  caused  acute  de¬ 
creases  in  fibrinogen  concentration  and  clot  strength,  followed  by  an  increase  in  fibrinogen  concentration  and  recovery  of 
clot  strength.  The  increase  in  fibrinogen  appeared  primarily  due  to  a  sustained  increase  in  fibrinogen  synthesis. 

KEYWORDS  Flemorrhagic  shock,  fibrinogen  synthesis,  fibrinogen  breakdown,  coagulation,  stable  isotopes,  gas 
chromatograph  mass  spectrometry 


INTRODUCTION 

Hemorrhage  is  the  leading  potentially  preventable  cause  of 
death  on  the  battlefield  and  a  major  cause  of  death  in  civilian 
trauma  (1,  2).  Following  blood  loss,  all  components  involved 
in  the  coagulation  process  are  reduced  and  further  diluted  by 
resuscitation  with  crystalloid  or  colloid  fluids.  To  restore  coag¬ 
ulation  function,  different  blood  products,  such  as  platelet  con¬ 
centrates,  cryoprecipitate,  or  fresh  frozen  plasma,  have  been 
used  in  patients  with  bleeding  complications  (3-5).  However, 
limited  information  is  available  to  justify  the  priority  of  sup¬ 
plementing  hemostatic  components. 

Among  all  coagulation  components,  fibrinogen  is  the  first 
to  drop  to  a  critical  level  after  trauma  and  hemorrhage  (6), 
compromising  clot  strength  and  coagulation  function.  On  the 
other  hand,  elevated  fibrinogen  levels  were  commonly  observed 
in  patients  days  after  traumatic  injury  or  surgery  (7-9),  attributed 
to  the  acute-phase  response.  However,  the  underlying  mecha¬ 
nisms  related  to  the  dynamic  shift  of  fibrinogen  concentration 
remain  unclear.  The  increase  in  fibrinogen  concentration  might 
result  from  accelerated  hepatic  synthesis,  decreased  breakdown, 
or  both,  or  fluctuated  plasma  volume.  The  last  point  is  espe¬ 
cially  valid  after  hemorrhagic  shock,  because  fluid  resuscitation 
is  often  used  as  routine  clinical  care  to  restore  vascular  func¬ 
tion  and  improve  tissue  perfusion.  Different  resuscitation  fluids. 
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including  crystalloids,  colloid  fluids,  and  blood  products,  may 
change  plasma  volumes  differently  in  response  to  different 
osmolar  or  oncotic  pressures.  Thus,  to  reveal  underlying  mech¬ 
anisms  contributing  to  changes  in  fibrinogen  concentration,  it  is 
necessary  to  investigate  changes  in  fibrinogen  synthesis,  degra¬ 
dation,  and  plasma  volume  simultaneously  and  independently. 

This  study  was  designed  to  test  the  hypothesis  that  the 
increase  in  fibrinogen  concentration  after  hemorrhage  and 
resuscitation  results  from  the  increase  in  fibrinogen  synthesis. 
Daily  changes  of  fibrinogen  metabolism  were  quantified  for 
5  days  after  hemorrhagic  shock  and  resuscitation  in  a  swine 
model.  Upon  the  induction  of  hemorrhage  and  resuscitation 
with  lactated  Ringer’s  (LR)  solution  on  day  1,  endogenous 
fibrinogen  synthesis  rates  and  breakdown  rates  were  quantified 
daily  for  5  days,  using  a  6-h  stable  isotope  infusion  with  sub¬ 
sequent  gas  chromatography  and  mass  spectrometry  analysis 
as  previously  described  (10-12).  Changes  in  plasma  volumes 
were  measured  daily  for  5  days  during  the  isotope  infusion. 
Corresponding  changes  in  coagulation  function  were  assessed 
daily  to  correlate  changes  of  fibrinogen  availability  after  hem¬ 
orrhagic  shock  and  LR  resuscitation. 

MATERIALS  AND  METHODS 

This  study  was  approved  by  the  Institutional  Animal  Care  and  Use  Com 
mittee  of  the  US  Army  Institute  of  Surgical  Research  and  has  been  conducted 
in  compliance  with  the  Animal  Welfare  Act  and  the  implementing  Animal 
Welfare  Regulations  and  in  accordance  with  the  principles  of  the  Guide  for  the 
Care  and  Use  of  Laboratory  Animals.  A  total  of  16  pigs,  Yorkshire/Landrace 
cross  (Midwest  Research  Swine,  Gibbon,  Minn),  were  randomized  into  two 
groups:  the  sham  control  group  (control,  35.9  ±1.9  kg,  n  =  8)  and  the  hem 
orrhage  with  LR  resuscitation  group  (hemorrhage,  34.0  +  2.0  kg,  n  =  8).  After 
an  overnight  fast,  the  animals  were  sedated  with  glycopyrrolate  (0.1  mg/kg) 
and  Telazol  (6  mg/kg)  and  intubated  by  1.0%  to  1.5%  isoflurane  by  mask  for 
the  surgical  procedures.  Polyvinyl  chloride  catheters  were  inserted  into  the 
thoracic  aorta  via  the  carotid  artery  for  measurement  of  mean  arterial  pressure 
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(MAP),  heart  rate,  and  temperature.  The  right  femoral  artery  was  cannulated 
for  arterial  blood  sampling,  and  the  left  femoral  artery  for  the  hemorrhage 
procedure.  The  left  femoral  vein  was  cannulated  for  LR  resuscitation.  The  right 
femoral  vein  was  cannulated  for  intravenous  anesthesia  of  ketamine  during  the 
study.  No  splenectomy  was  performed  in  this  study. 

Upon  completion  of  catheter  cannulation,  anesthesia  was  switched  to  a 
combination  of  isoflurane  (0.5%)  and  continuous  intravenous  drip  of  ketamine 
(0.15  mL/kg  per  hour  of  100  mg/mL)  in  all  pigs  for  the  remainder  of  the  study 
period.  After  a  10  min  stabilization  period,  MAP,  heart  rate,  and  temperature 
were  recorded,  and  blood  samples  were  taken  for  baseline  measurements  of 
blood  gas,  blood  chemistry,  and  coagulation.  To  assess  plasma  volume,  a  bolus 
injection  of  sterile  indocyanine  green  dye  solution  (10  mL  of  2.5  mg/mL)  was 
given,  and  blood  samples  (2  mL  each)  were  collected  at  5,  10,  and  15  min  after 
indocyanine  green  injection.  Hemorrhagic  shock  was  then  induced  in  the 
hemorrhage  group  by  bleeding  approximately  35%  of  the  estimated  total  blood 
volume  (24.5  ±0.1  mL/kg)  over  about  a  period  of  30  min  from  the  left  femo 
ral  artery  to  a  preweighed  canister  on  a  balance.  The  rate  of  bleeding  was  con 
trolled  by  adjusting  the  clamp  on  the  left  femoral  artery  catheter  to  maintain 
MAP  greater  than  40  mmHg.  Upon  the  completion  of  hemorrhage,  the  animals 
went  through  a  15  min  shock  period.  Afterward,  the  pigs  were  resuscitated  with 
LR  solution  at  three  times  the  bled  volume  over  approximately  30  min.  Pigs  in 
the  control  group  were  not  bled  or  resuscitated.  No  shed  blood  was  returned  in 
hemorrhaged  pigs. 

Upon  the  completion  of  hemorrhage  and  resuscitation  and  15  min  stabili 
zation,  a  stable  isotope  infusion  was  performed  to  quantify  changes  of  fibrinogen 
synthesis  and  breakdown  rates  after  hemorrhage  and  resuscitation.  Sterile  stable 
isotope  solutions  of  1  13C  phenylalanine  (1  13C  phe,  100  pmol/mL)  and  d5  phe 
(100  pmol/mL)  were  made  in  0.45%  saline  and  infused  via  the  left  femoral  vein. 
A  priming  dose  containing  1  13C  phe  (18  pmol/kg)  and  ds  phe  (18  pmol/kg) 
was  given  to  the  pigs,  followed  immediately  by  a  constant  infusion  of  tracer 
1  13C  phe  (0.3  pmol/kg  per  minute)  and  d5  phe  (0.3  pmol/kg  per  minute).  The 
infusion  of  1  13C  phe  was  maintained  for  6  h  for  fibrinogen  synthesis  calcu 
lation,  and  the  d5  ph  infusion  was  maintained  for  3  h  for  fibrinogen  break 
down  calculation,  in  accordance  with  our  established  technique  (10,  13). 
Blood  samples  (10  mL  each)  were  collected  hourly  during  the  isotope  infusion 
to  measure  fibrinogen  metabolism.  Additional  blood  samples  were  taken  for 
measurements  of  blood  gas,  blood  chemistry,  and  coagulation  and  plasma 
volume  at  3  h  during  the  infusion.  Mean  arterial  pressure,  heart  rate,  and 
temperature  were  recorded  continuously  during  the  infusion.  Cardiac  output 
was  determined  by  thermodilution  in  triplicate  at  baseline,  after  hemorrhage 
and  resuscitation,  and  at  3  h  during  the  isotope  infusion.  Day  1  study  was 
completed  at  the  end  of  the  isotope  infusion,  and  all  catheters  inserted  during 
the  surgery  procedures  were  taped  securely  on  the  pigs’  backs.  The  pigs  were 
allowed  to  awaken  and  were  then  transferred  to  an  environmentally  controlled 
room  within  the  vivarium,  where  they  stayed  in  appropriately  sized  runs  or 
pens.  During  the  night,  they  were  fed  with  laboratory  grade  commercial  swine 
feed  by  trained  animal  care  staff.  Water  was  provided  ad  libitum  to  all  pigs 
via  an  automated  water  delivery  system. 

On  day  2,  the  pigs  were  tranquilized  with  diazepam  (0.5  mg/kg  i.m.)  before 
being  transferred  to  the  study  room.  All  catheters  were  untied  and  connected  to 
instruments  as  in  day  1  and  flushed  for  blood  withdrawn.  After  15  min  stabi 
lization,  the  same  6  h  isotope  infusion  was  performed  to  quantify  fibrinogen 
synthesis  and  breakdown  on  day  2.  To  eliminate  potential  leftover  effect  from 
the  isotope  infusion  on  day  1,  different  stable  isotopes,  1  13  C  a  ketoisocaporate 
(KIC,  infused  6  h  for  calculation  of  fibrinogen  synthesis)  and  d3  KIC  (infused 
3  h  for  calculation  of  fibrinogen  breakdown),  were  infused  on  day  2.  The  6  h 
infusion  period  on  day  2  coincided  with  that  on  day  1.  Blood  sampling  and 
measurements  were  kept  the  same  as  on  day  1  during  the  infusion.  After  the  6  h 
isotope  infusion,  the  pigs  were  allowed  to  awaken  and  transferred  to  the  viva 
rium  in  a  cage  for  the  night  as  on  day  1 . 

On  days  3,  4,  and  5,  the  same  6  h  isotope  infusion  procedures  were  per 
formed  but  with  alternated  isotope  tracers  to  minimize  potential  leftover  effect 
of  tracer  labeling  from  the  isotope  infusion.  The  isotope  1  l3C  phe  and  ds  phe 
were  infused  on  days  3  and  5,  and  the  isotope  1  13  C  a  KIC  and  d3  KIC  were 
infused  on  day  4.  Blood  samplings  and  measurements  of  hemodynamics, 
plasma  volume,  and  coagulation  were  kept  the  same  as  on  days  1  and  2.  Upon 
the  completion  of  the  6  h  isotope  infusion  on  day  5,  the  animals  were  killed 
with  sodium  pentobarbital  (FatalPlus,  Fort  Dodge,  Iowa)  given  intravenously 
by  a  veterinary  staff  member. 

Calculations  for  fibrinogen  synthesis  and  breakdown 

Fibrinogen  synthesis  rate  and  breakdown  rate  were  quantified  based  on  the 
changing  patterns  of  isotope  tracer  labeling  in  fibrinogen  molecules  during 
the  isotope  infusion.  Fibrinogen  fractional  synthesis  rates  (FSRs),  fractional 
breakdown  rates  (FBRs),  fibrinogen  absolute  synthesis  rate,  and  fibrinogen  ab 
solute  breakdown  rate  were  calculated  as  previously  described  (10,  13). 


Analytical  methods 

Blood  gas  measurements  were  determined  by  the  Omni  9  Blood  Gas 
Analyzer  (AVL,  Montpellier,  France).  Blood  chemistries  were  measured  by 
the  Dimension  Clinical  Chemistry  System  (Dade  Behring,  Newark,  Del). 
Plasma  fibrinogen  concentrations  and  d  dimer  levels  were  measured  using  the 
BCS  Coagulation  System  (Dade  Behring,  Deerfield,  Ill).  Coagulation  function 
was  assessed  in  fresh  whole  blood  samples  at  pig’s  body  temperature  with 
tissue  factor  as  activator,  using  thromboelastography  (TEG)  (TEG  5000  Hemo 
stasis  Analyzer;  Haemoscope  Corp,  Niles,  Ill)  as  described  previously  (14).  In 
the  TEG  measurements,  reaction  time  ( R  time)  is  the  latency  time  for  initial 
clot  formation.  K  time  is  the  duration  from  initial  detectable  clot  formation  to 
maximum  clot  formation.  Angle  (a)  measures  the  rapidity  of  fibrin  buildup 
and  cross  linking.  Maximum  amplitude  (MA)  represents  maximum  strength  or 
stiffness  of  the  clot,  and  LY6o  indicates  the  percent  of  clot  lysis  at  60  min  after 
MA  is  achieved. 

Plasma  free  amino  acid  enrichments  from  the  isotope  infusion  were  deter 
mined  following  procedures  described  previously  (10  12).  Plasma  fibrinogen 
was  isolated  following  the  procedure  described  by  Stein  et  al.  (15).  The 
enrichments  of  phenylalanine  from  isolated  fibrinogen  were  determined  by  gas 
chromatography  mass  spectrometry  (GC  MS,  model  5973;  Hewlett  Packard, 
Palo  Alto,  Calif),  as  described  previously  (10,  13). 

Statistical  analysis 

Data  were  expressed  as  means  ±  SEM  and  analyzed  using  SAS  statistical 
software.  In  each  group,  one  way  analysis  of  variance  with  repeated  measures 
using  a  Dunne tt  adjustment  was  conducted  to  compare  changes  to  day  1  base 
line  values.  A  two  way  analysis  of  variance  with  repeated  measures  using  a 
Tukey  adjustment  was  performed  to  compare  the  changes  over  time  between 
the  control  and  the  hemorrhage  groups.  The  statistically  significant  level  was 
set  at  P  <  0.05. 

RESULTS 

Hemodynamics 

All  of  the  animals  from  both  groups  survived  to  the  end  of 
the  5-day  study.  All  baseline  measurements  on  day  1  were 
similar  between  the  control  group  and  the  hemorrhage  group. 
No  significant  changes  were  observed  in  hemodynamics  in  the 
control  group  during  the  5-day  study  period.  In  the  hemorrhage 
group,  MAP  decreased  on  day  1  from  a  baseline  of  95  ±  4  to 
53  ±  4  mmHg  ( P  <  0.05)  after  hemorrhage  and  returned  to 
baseline  following  LR  resuscitation.  Heart  rate  increased  from 
a  baseline  of  91  ±  8  to  129  ±  13  beats/min  after  hemorrhage  on 
day  1(P  <  0.05)  and  returned  to  baseline  following  LR  resus¬ 
citation.  Cardiac  output  decreased  from  a  baseline  of  5.8  ±  0.3 
to  2.9  ±  0.4  L/min  (P  <  0.05)  after  hemorrhage  and  returned  to 
baseline  after  LR  resuscitation.  No  significant  changes  in  MAP, 
heart  rate,  or  cardiac  output  occurred  during  the  remaining  study 
on  day  1,  or  during  day  2,  3,  4,  or  5  in  the  hemorrhage  group. 
No  significant  changes  in  body  temperature  were  observed  in 
either  animal  group  during  the  study. 

There  were  no  significant  changes  in  hematocrit  or  lactate 
levels  in  the  control  group.  In  the  hemorrhage  group,  hema¬ 
tocrit  was  decreased  by  hemorrhage  and  resuscitation  from 
baseline  value  of  28%  ±  1%  to  20%  ±  1%  (P  <  0.05)  on  day  1 
and  remained  at  the  decreased  value  on  days  2,  3,  4,  and  5. 
Blood  lactate  level  increased  by  hemorrhage  from  a  baseline  of 
1.8  ±  0.1  to  2.4  ±  0.2  mM  ( P  <  0.05)  after  hemorrhage  and 
returned  to  1.7  +  0.2  mM  after  LR  resuscitation.  No  further 
changes  in  blood  lactate  levels  occurred  on  day  2,  3,  4,  or  5. 
There  were  no  significant  changes  in  base  deficit  or  pH  observed 
in  either  animal  group  during  the  5-day  study  period. 

Plasma  volume  and  plasma  proteins 

There  were  no  significant  changes  in  plasma  volume  from  a 
baseline  value  of  52  ±  1  mL/kg  in  the  control  group  during  the 
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5-day  study.  Plasma  volume  was  increased  after  hemorrhage 
and  LR  resuscitation  from  a  baseline  of  5 1  ±  3  to  67  ±  4  mL/kg 
on  day  1,  remained  elevated  on  day  2  (65  ±  5  mL/kg,  both 
P  <  0.05),  but  returned  to  baseline  by  day  3  and  thereafter. 
There  were  no  significant  changes  in  plasma  total  protein  in  the 
control  group  during  the  5-day  study  period.  Plasma  total  protein 
concentration  was  decreased  after  hemorrhage  and  LR  resusci¬ 
tation  from  a  baseline  of  5.5  ±  0.3  to  4.3  ±  0.3  g/dL  (P  <  0.05)  on 
day  1  but  returned  to  baseline  on  day  2  and  thereafter. 

Changes  in  plasma  fibrinogen  concentrations  during  the  5-day 
study  period  are  shown  in  Figure  1  (A).  In  the  control  group, 
plasma  fibrinogen  concentration  did  not  change  on  day  1 ,  rose 
from  the  day  1  baseline  value  of  180  ±  7  mg/dL  to  its  peak  of 
340  ±  30  mg/dL  on  day  2  (P  <  0.05),  fell  to  289  ±19  mg/dL  on 
day  3  (P  <  0.05),  and  returned  to  the  day  1  baseline  levels  on 
days  4  and  5.  In  contrast,  fibrinogen  concentrations  in  the 
hemorrhage  group  decreased  after  hemorrhage  and  LR  resus¬ 
citation  from  a  baseline  of  170  ±  10  to  127  ±  17  mg/dL  on  day  1 
(P  <  0.05),  increased  to  its  peak  (363  ±  40  mg/dL,  P  <  0.05)  on 
day  2,  and  remained  at  this  elevated  level  on  days  3,  4,  and  5. 
Fibrinogen  content  (in  milligrams  per  kilogram),  calculated  by 
multiplying  fibrinogen  concentration  with  plasma  volume,  dem¬ 
onstrated  a  similar  pattern  as  that  of  fibrinogen  concentration 
(Fig.  1,B). 

There  were  no  significant  changes  in  platelet  count  from 
the  day  1  baseline  value  of  340  ±  35  x  1 03/|iL  in  the  control 
group  throughout  the  study  period.  In  the  hemorrhage  group, 
platelet  counts  decreased  from  a  baseline  of  354  ±  44  to  223  ± 
16  x  1 0'VpL  after  hemorrhage  and  LR  resuscitation  on  day  1 
0 P  <  0.05),  remained  at  the  lower  levels  on  days  2(1 89  ±21  x 
103/|iL)  and  3  (184  ±  16  x  103/pL,  all  P  <  0.05),  but  returned 
to  baseline  values  on  days  4  and  5. 

Fibrinogen  synthesis  rates 

Changes  of  fibrinogen  synthesis  rates  over  5-day  study 
period  are  summarized  in  Figure  2. 

Day  1 :  The  isotope  labeling  of  plasma  phenylalanine 
reached  plateau  values  in  both  animal  groups  after  1-h  infu¬ 
sion  of  l-13C-phe  (18.11%  ±  1.45%  in  the  control  group  and 
14.07%  ±  0.80%  in  the  hemorrhage  group).  Plasma  fibrinogen- 
bound  phenylalanine  labeling  increased  linearly  during  the 
infusion  of  l-13C-phe.  Fibrinogen  FSRs,  calculated  from  the 
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Fig.  2.  Daily  changes  of  plasma  fibrinogen  synthesis  rate  follow¬ 
ing  hemorrhage  and  LR  resuscitation  in  pigs.  Data  are  represented  as 
mean  ±  SEM  for  eight  animals  per  group.  P  <  0.05  compared  with  day  1 
baseline  values  within  the  group.  §P  <  0.05  compared  with  corresponding 
control  values. 

increasing  slope  of  fibrinogen-bound  phenylalanine  labeling, 
was  1.57%  ±  0.17%/h  in  the  control  group  and  3.33%  ±  0.31%/ 
h  in  the  hemorrhage  group  (P  <  0.05  vs.  control).  The  absolute 
synthesis  rate,  calculated  by  multiplying  FSRs  with  plasma 
volume  and  fibrinogen  concentration,  was  1.3  ±  0.3  mg/kg  per 
hour  in  the  control  group  and  3.5  ±  0.4  mg/kg  per  hour  in  the 
hemorrhage  group  (P  <  0.05  vs.  control)  (Fig.  2). 

Day  2:  The  isotope  labeling  of  plasma  leucine  reached  pla¬ 
teau  values  in  both  animal  groups  after  1-h  infusion  of  isotope 
l-13  C-a-KIC  (9.0%  ±  10.7%  in  the  control  group  and  11.1%  ± 
1.0%  in  the  hemorrhage  group).  Plasma  fibrinogen-bound 
leucine  labeling  increased  linearly  during  the  infusion  of  l-13 
C-a-KIC.  Fibrinogen  FSRs,  calculated  from  the  increasing 
slope  of  fibrinogen-bound  leucine  labeling,  was  2.2%  ±  0.3%/h 
in  the  control  group  and  5.1%  ±  0.5%/h  in  the  hemorrhage 
group  (P  <  0.05  vs.  control).  The  absolute  synthesis  rate  was 
2.2  ±  0.3  mg/kg  per  hour  in  the  control  group  (P  <  0.05  vs. 
control  day  1)  and  5.1  ±  0.5  mg/kg  per  hour  in  the  hemorrhage 
group  ( P  <  0.05  vs.  control  and  P  <  0.05  vs.  hemorrhage  day  1 ) 
(Fig.  2). 

Days  3,  4,  and  5:  Calculation  of  fibrinogen  synthesis  rates 
were  calculated  based  on  the  increasing  slope  of  fibrinogen- 
bound  phenylalanine  labeling  on  days  3  and  5,  or  fibrinogen- 
bound  leucine  labeling  on  day  4  from  the  infusion  of  l-13C-phe 


Day  l-baseline  Day  1-post  day  2 

hemo-Resus 

Day  3  Day  4 

Day5 

Day  1-baseline  Day  1-post  day  2 

hemo-Resus 

Day  3 

^^■Control 

-■-Hemorrhage 

Control 

-■-Hemorrhage 

Fig.  1 .  Daily  changes  of  plasma  fibrinogen  concentration  and  content  following  hemorrhage  and  LR  resuscitation  in  pigs.  Data  are  represented  as 
mean  ±  SEM  for  eight  animals  per  group.  *P<  0.05  compared  with  day  1  baseline  values  within  the  group.  §P<  0.05  compared  with  corresponding  control  values. 
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fibrinogen  concentration,  was  10.6  ±1.3  mg/kg  per  hour  in  the 
control  group  and  16.0  ±1.4  mg/kg  per  hour  in  the  hemorrhage 
group  (. P  <  0.05  vs.  control). 

Day  2 :  Calculation  of  FBR  on  day  2  was  based  on  the  changes 
of  fibrinogen-bound  leucine  labeling  after  the  cessation  of  3-h 
d3-a-KIC  infusion.  Fibrinogen  absolute  breakdown  rate  on  day 
2  did  not  change  in  the  control  group  (8.9  ±1.4  mg/kg  per 
hour)  but  remained  elevated  in  the  hemorrhage  group  (16.5  ± 
3.7  mg/kg  per  hour,  P  <  0.05  vs.  control). 

Days  3,  4,  and  5:  Calculation  of  FBR  on  days  3,  4,  and  5  was 
calculated  based  on  the  changes  of  fibrinogen-bound  tracer 
labeling  after  the  cessation  of  3-h  infusion  of  d5-phe  on  days  3 
and  5  or  d3-oi-KIC  on  day  4.  In  the  control  group,  fibrinogen 
absolute  breakdown  rate  remained  unchanged  on  days  3,  4, 
and  5,  as  compared  with  day  1  control  value  (Fig.  3).  In  the 
hemorrhage  group,  fibrinogen  breakdown  rates  in  the  hemor¬ 
rhage  group  returned  to  control  day  1  value  on  days  3,  4,  and 
5  (Fig.  3). 

Coagulation  functional  changes 

Compared  with  day  1  baseline  values,  there  were  no  sig¬ 
nificant  changes  observed  in  any  TEG  variables  in  the  control 
group  during  the  5-day  study  period.  In  the  hemorrhage  group, 
the  initial  clotting  time  ( R  time)  did  not  change  from  baseline 
values  by  hemorrhage  and  resuscitation  on  day  1,  but  was 
prolonged  on  day  2,  remained  prolonged  on  days  3  and  4,  and 
returned  to  baseline  values  on  day  5  (Table  1).  Time  to  max¬ 
imum  clot  (K  time)  did  not  change  from  baseline  values  after 
hemorrhage  and  resuscitation  on  day  1  but  was  prolonged  on 
days  2  and  3  and  returned  to  baseline  values  on  days  4  and 
5  (Table  1).  Clotting  rapidity  (a)  did  not  change  from  base¬ 
line  values  after  hemorrhage  and  resuscitation  on  day  1,  but 
decreased  days  2  and  3,  and  returned  to  day  1  baseline  values 
on  days  4  and  5  (Table  1).  Clot  strength  (MA)  decreased  from 

Table  1.  Changes  in  TEG  measurements  after  hemorrhage  and  LR  resuscitation  (H/LR) 


Day  1 


Measurement 

Baseline 

After  H/LR 

Day  2 

Day  3 

Day  4 

Day  5 

fitime,  min 

Control 

3.5  ±  0.2 

3.7  ±0.2 

3.4  ±  0.2 

3.4  ±0.2 

3.7  ±  0.2 

3.7  ±  0.2 

Flemorrhage 

3.2  ±  0.1 

2.9  ±  0.1 

4.5  ±  0.3*t 

4.7  ±  0.2*f 

4.5  ±  0.2*t 

3.5  ±  0.2 

Ktime,  min 

Control 

1.1  ±  0.1 

1.1  ±  0.1 

1.3  ±0.1 

1.2  ±  0.1 

1.2  ±  0.1 

1.1  ±0.0 

Flemorrhage 

1.1  ±  0.1 

1.0  ±0.1 

1.8  ±  0.1  ^ 

1 .6  ±  0.1 

1.3  ±  0.2 

1.1  ±  0.1 

Angle,  a-degree 

Control 

75  ±  1 

74  ±  1 

75  ±  1 

74  ±  1 

75  ±  1 

76  ±  1 

Flemorrhage 

76  ±  1 

76  ±  1 

68  ±  1*f 

70  ±  1*t 

74  ±  1 

77  ±  1 

MA,  mm 

Control 

71  ±  1 

70  ±2 

73  ±2 

72  ±  1 

73  ±  1 

73  ±2 

Flemorrhage 

74  ±2 

66  ±  1*+ 

71  ±  1 

72  ±2 

73  ±2 

74  ±3 

LYeo 

Control 

6.4  ±  0.5 

5.7  ±0.6 

6.2  ±  0.6 

6.0  ±0.8 

6.5  ±  0.6 

6.7  ±  0.6 

Flemorrhage 

6.0  ±  0.5 

5.5  ±0.8 

4.9  ±0.8 

5.2  ±  1.0 

6.0  ±  0.4 

5.6  ±  1.4 

*P<  0.05  compared  with  day  1  baseline  values  within  the  group.  N  8/group. 
+P  <  0.05  compared  with  corresponding  control  values. 
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Fig.  3.  Daily  changes  of  plasma  fibrinogen  breakdown  rate  following 
hemorrhage  and  LR  resuscitation  in  pigs.  Data  are  represented  as  mean  ± 
SEM  for  eight  animals  per  group.  §P  <  0.05  compared  with  corresponding 
control  values. 

on  days  3  and  5,  or  l-13  C-a-KIC  on  day  4,  respectively.  In 
the  control  group,  fibrinogen  synthesis  rate  returned  to  day  1 
values  on  days  3,  4,  and  5  (Fig.  2).  In  the  hemorrhage  group, 
fibrinogen  absolute  synthesis  rate  decreased  somewhat  on 
days  3,  4,  and  5,  but  remained  elevated  compared  with  corre¬ 
sponding  control  values  (Fig.  2). 

Fibrinogen  breakdown  rates 

Changes  of  fibrinogen  breakdown  over  5-day  study  period 
are  summarized  in  Figure  3. 

Day  7:  Calculation  of  fibrinogen  FBR  was  based  on  the 
changes  of  fibrinogen-bound  phenylalanine  labeling  after  the 
cessation  of  the  3-h  d5-phe  infusion  on  day  1.  The  calculated 
FBR  was  12.7%  ±  1.6%/h  in  the  control  group  and  14.8%  ± 
1.1  %/h  in  the  hemorrhage  group.  The  absolute  breakdown 
rate,  calculated  by  multiplying  FBR  with  plasma  volume  and 
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the  baseline  value  after  hemorrhage  and  resuscitation  on  day  1 
but  returned  to  day  1  baseline  values  on  day  2  and  afterward 
(Table  1).  No  significant  changes  in  LY60  (fibrinolysis)  were 
observed  in  either  group  during  the  5-day  study  period 
(Table  1).  Similarly,  no  significant  changes  in  D-dimer  levels 
were  observed  in  either  group  during  the  study  period. 

DISCUSSION 

In  this  study,  we  investigated  the  dynamic  profile  of  fibri¬ 
nogen  concentration  over  5  days  after  hemorrhagic  shock  in 
a  swine  model.  As  our  initial  effort  of  investigating  long¬ 
term  effect  of  hemorrhage  on  fibrinogen  metabolism,  we  pur¬ 
posely  selected  a  moderate  degree  of  hemorrhage  without 
tissue  injury  so  all  animals  would  survive  the  5-day  experi¬ 
mental  period.  In  this  model,  fibrinogen  concentration  initially 
decreased  about  25%  after  hemorrhage  and  LR  resuscitation 
on  day  1 ,  rose  to  twice  the  prehemorrhage  levels  on  day  2,  and 
remained  at  the  elevated  level  on  days  3,  4,  and  5.  This 
dynamic  profile  is  similar  to  that  previously  reported  in  a 
canine  model  (16,  17)  and  trauma  patients  (9,  18)  after  severe 
hemorrhagic  shock.  In  dogs  with  hemorrhagic  shock  followed 
by  LR  resuscitation,  Lucas  et  al.  (16)  reported  that  fibrinogen 
levels  decreased  after  hemorrhage  and  resuscitation  and  rose 
the  next  day.  In  patients  with  hemorrhagic  shock  and  blood 
transfusion,  Harrigan  et  al.  (9)  reported  that  fibrinogen  levels 
fell  after  surgery,  increased  and  plateaued  on  day  2  after  sur¬ 
gery,  and  remained  at  the  plateau  values  even  on  day  25.  Thus, 
the  biphasic  changes  of  fibrinogen  concentration,  with  initial 
decrease  followed  by  sustained  increase  for  days,  appear  to 
be  a  generalized  acute  phase  response  to  hemorrhagic  shock 
and  are  well  documented.  However,  it  is  worth  mentioning  that 
changes  in  fibrinogen  concentration  may  or  may  not  reflect 
changes  in  fibrinogen  content.  Fluctuations  of  plasma  volume, 
which  are  relevant  after  hemorrhage  and  resuscitation,  may 
change  fibrinogen  concentrations  even  when  there  is  no  change 
in  fibrinogen  content.  With  daily  simultaneous  measurements 
of  plasma  volume  and  fibrinogen  concentration,  we  clarified  in 
the  current  study  that  the  increase  in  fibrinogen  concentration 
after  hemorrhagic  shock  was  due  to  an  increase  in  fibrinogen 
content. 

Fibrinogen  content  is  a  dynamic  balance  of  fibrinogen  pro¬ 
duction  and  consumption.  To  our  knowledge,  this  study  is  the 
first  to  investigate  fibrinogen  synthesis  and  breakdown  simul¬ 
taneously  and  independently  after  hemorrhage  and  resuscita¬ 
tion.  A  6-h  isotope  infusion  was  performed  daily  for  5  days  to 
quantify  daily  changes  of  endogenous  fibrinogen  synthesis  and 
breakdown  to  reveal  the  underlying  mechanisms  related  to 
changes  of  fibrinogen  availability.  Compared  with  the  con¬ 
trols,  fibrinogen  synthesis  after  hemorrhagic  shock  was  higher 
every  day  over  5  days.  Fibrinogen  breakdown  was  also  higher 
on  days  1  and  2,  but  returned  to  the  control  values  on  days  3, 
4,  and  5.  Thus,  the  increase  in  fibrinogen  content  after  hem¬ 
orrhagic  shock  appears  primarily  due  to  the  sustained  increase 
in  fibrinogen  synthesis.  Because  stimulated  synthesis  of  fibri¬ 
nogen  has  also  been  demonstrated  in  patients  with  acute  inflam¬ 
mation  (19,  20),  HIV  (21),  head  injury  (22),  nephritic  range 
proteinuria  (23),  and  hemodialysis  (24),  the  increase  in  hepatic 


synthesis  of  fibrinogen  seems  to  be  a  generalized  metabolic 
response  after  systemic  insults.  The  underlying  physiologi¬ 
cal  purpose  of  increasing  fibrinogen  synthesis,  however,  is 
not  fully  understood  but  is  believed  to  relate  to  its  effects 
on  coagulation  as  well  as  on  the  immune  system  (25,  26). 
Nevertheless,  the  increase  in  fibrinogen  synthesis  under  stressed 
situation  appears  to  be  essential,  because  low  or  minimally 
increased  fibrinogen  levels  were  observed  in  nonsurvivors, 
whereas  sustained  increased  of  fibrinogen  levels  were  ob¬ 
served  in  survivors  of  septic  shock  patients  (27).  It  is  possible 
that  the  stimulation  of  fibrinogen  synthesis  may  reflect  a  nec¬ 
essary  metabolic  and  physiologic  compensatory  effect  that 
may  relate  to  decreasing  infection  and  improve  survival  of 
these  patients. 

Together  with  the  increase  in  fibrinogen  synthesis,  we  ob¬ 
served  an  increase  in  fibrinogen  breakdown  on  day  1  after 
hemorrhage  and  resuscitation  in  the  current  study.  The  increase 
in  fibrinogen  breakdown  was  also  observed  in  our  previous 
acute  study  after  hemorrhage  and  resuscitation  (13).  Similarly, 
an  increase  in  the  disappearance  rate  of  radioactively  labeled 
fibrinogen  was  also  shown  previously  in  a  canine  model  at 
10  h  after  45%  hemorrhage  (28).  The  change  of  fibrinogen 
synthesis  in  that  study  was  not  clear  because  synthesis  was  not 
quantified  (28).  In  the  present  study,  both  increases  of  fibri¬ 
nogen  synthesis  and  breakdown  reflect  an  acute  increase  in 
fibrinogen  turnover  after  hemorrhage  and  resuscitation.  Along 
the  same  line,  patients  with  infection,  inflammation,  burns,  and 
trauma  are  characterized  by  an  increase  in  whole-body  protein 
turnover  rate,  with  a  net  loss  of  body  protein  (20,  29-31). 
Specifically,  there  is  an  increase  in  amino  acid  release  from 
muscle  and  an  increase  in  amino  acid  uptake  in  the  splenic  bed 
(30).  This  shift  of  amino  acid  source  from  muscle  to  the  liver  is 
hypothesized  to  be  beneficial  as  it  facilitates  the  liver  synthesis 
of  proteins,  which  are  critical  for  survival  (20).  The  acceler¬ 
ation  of  protein  turnover  may  facilitate  this  shift.  In  addition, 
in  the  hemorrhage  group  of  the  present  study,  in  contrast  to  the 
sustained  increase  in  fibrinogen  synthesis,  fibrinogen  break¬ 
down  returned  to  the  control  value  on  days  3,  4,  and  5.  These 
different  changing  profiles  of  fibrinogen  synthesis  and  break¬ 
down  suggest  that  fibrinogen  synthesis  and  breakdown  may  be 
regulated  via  different  mechanisms. 

Changes  in  fibrinogen  availability  were  assessed  together 
with  changes  in  coagulation  function  in  this  study.  Prolonga¬ 
tions  of  R  time,  K  time,  and  decreased  clotting  speed  (a)  during 
days  2  to  4  in  this  study  suggest  the  development  of  a  hypo- 
coagulable  state,  which  might  result  from  compromised  enzy¬ 
matic  patterns  of  coagulation  as  well  as  low  platelet  counts  after 
hemorrhage  and  resuscitation.  Clot  strength  (MA)  in  TEG  rep¬ 
resents  the  contributions  of  fibrinogen  and  platelets  to  clot  for¬ 
mation  and  the  strength  of  fibrin  clots,  respectively.  In  this 
study,  fibrinogen  concentration  decreased  after  hemorrhage 
and  resuscitation  on  day  1,  increased  to  above  prehemorrhage 
level  on  day  2,  and  remained  elevated  through  day  5.  Clot 
strength  decreased  after  hemorrhage  and  resuscitation  on  day  1 
but  recovered  to  its  prehemorrhage  value  on  day  2  and  after¬ 
ward.  The  parallel  increases  of  fibrinogen  and  clot  strength 
may  suggest  that  clot  strength  is  closely  related  to  fibrinogen 
availability.  In  addition,  because  platelet  count  remained  reduced 
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on  days  2  and  3  after  hemorrhage  and  resuscitation,  the  recovery 
of  clot  strength  on  day  2  with  an  elevated  fibrinogen  level 
suggests  a  compensatory  role  of  fibrinogen  on  clot  strength. 
Improving  clot  strength  is  associated  with  reductions  of  trans¬ 
fusion  requirements  in  trauma  patients  (32)  and  24-h  postop¬ 
erative  blood  loss  in  patients  undergoing  aortic  valve  operation 
and  ascending  aorta  replacement  (33).  Thus,  the  compensatory 
effect  observed  of  fibrinogen  on  clot  strength  in  this  study, 
despite  a  presumed  hypocoagulable  state,  may  support  a  strat¬ 
egy  of  early  supplementation  in  patients  after  significant  hem¬ 
orrhage.  Furthermore,  when  fibrinogen  was  recovered  to  above 
baseline  level  on  day  2  and  plateaued  at  the  level  afterward,  clot 
strength  was  recovered  to  baseline  value  on  day  2  and  main¬ 
tained  at  the  level  thereafter.  The  lack  of  elevation  above  base¬ 
line  in  clot  strength  may  reflect  a  possible  safety  mechanism 
regulating  the  coagulation  process  after  hemorrhagic  shock. 

In  summary,  we  investigated  the  daily  changes  of  fibrinogen 
metabolism  and  availability  for  5  days  after  moderate  hemor¬ 
rhage  and  LR  resuscitation  in  a  swine  model.  Fibrinogen 
availability  was  reduced  immediately  by  hemorrhagic  shock 
and  LR  resuscitation  but  increased  above  prehemorrhage  level 
the  next  day  and  thereafter.  Fibrinogen  synthesis  increased  for 
5  days  after  hemorrhage  and  resuscitation,  whereas  fibrinogen 
breakdown  increased  initially  but  normalized  on  day  3.  The 
increase  in  fibrinogen  content  was  parallel  with  the  improve¬ 
ment  of  clot  strength.  The  compensatory  effect  of  fibrinogen 
on  clot  strength  warrants  future  efforts  to  investigate  early 
supplementation  of  fibrinogen  on  coagulation  function  and 
fibrinogen  metabolism  to  determine  whether  under  such  con¬ 
ditions  as  observed  here  there  is  an  actual  impact  on  control 
bleeding. 
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